The energy storage market relating to lithium based systems regularly grows in size and expands in terms of portfolio of energy and power demanding applications. Thus safety focused research must more than ever accompany related technological breakthroughs regarding performance of cells, resulting in intensive research on the chemistry and material science to design more reliable battery. Formulating electrolyte solutions with nonvolatile and nonflammable ionic liquids instead of actual carbonate mixtures could be safer. However, few definitions of thermal stability of electrolytes based on ionic liquids have been reported in case of abuse conditions (fire, shortcut, overcharge or overdischarge). This work investigates thermal stability up to combustion of 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C 1 C 4 Im][NTf 2 ]) and 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([PYR 14 ][NTf 2 ]) ionic liquids, and their corresponding electrolytes containing lithium bis(trifluoromethanesulfonyl)imide [Li][NTf 2 ]. Their possible routes of degradation during thermal abuse testings were investigated by thermodynamic studies under several experimental conditions. Their behaviours under fire were also tested, including the analysis of emitted compounds.
Keywords: Ionic liquids, electrolytes, thermal stability, combustion behaviour
Introduction
Environmental concerns and security of energy supply are key drivers for the promotion of a new generation of energy storage systems. These systems must be capable of addressing a number of technical challenges for the sustainable development of electromobility (terrestrial, maritime and aerial to some extent). They should efficiently store intermittent renewable sources of energy (wind, sun, sea) and be part of smart grids applications. 1 Electrochemical energy storage previously had to rely on lead-acid, nickel cadmium and nickel metal hydride technologies. Commercialized since the 90s for the consumer market, lithium-ion technology and its variants have taken the lead regarding those emerging applications as they offer significantly higher power and energy densities in practice. However safety has been identified in a number of studies as a potential market restraint. [2] [3] [4] The electrolytes of lithium-ion batteries are typically a mixture of organic carbonates like ethylene carbonate or diethylcarbonate, using lithium salt such as lithium hexafluorophosphate (LiPF 6 ) (Scheme 1). Some of the advantages of these electrolytes are their high solubility of lithium salt, good cycling efficiency, good ionic conductivity and compatibility with numerous electrode materials. Unfortunately they can lead to safety issues as they are flammable, 5 possess low flash points 6 and are not stable at high temperatures (> 60 °C). 7 The replacement of these electrolytes by room temperature ionic liquids (ILs) is now widely considered in literature [8] [9] [10] [11] [12] and in industrial projects. [13] [14] [15] [16] [17] Indeed ILs present the required properties, such as good ionic conductivity, wide electrochemical window (4 to 6 V) and good cycling efficiency in spite of their viscosity. 18 Furthermore ILs can be safe electrolytes [19] [20] [21] [22] [23] as they have very low vapour pressure and high flash point. 24, 25 They are also non-flammable according to the criteria of the Globally Harmonized System, 26 and they are considered stable up to 300 °C. 27 However thermal stability can be defined or interpreted differently, depending on the context of use. Currently, there is no standard to define the maximum operating temperature (T op ),
even if a few attempts should be mentioned. 28, 29 When the thermal instability leads to identified dangerous properties in hazardous materials regulations, they reflect the related level of instability of the concerned materials. It can be the case for self-reactive materials, water-reactive materials, flammable liquids, explosives… In all other cases, thermal stability keeps somewhat subjective and practical rules must be used according to intended use and desired overall performance of the system.
Contrarily to the current carbonate-based organic electrolytes, 30 few definitions of thermal stability of ILs for use as electrolytes were reported in case of abuse conditions (fire, shortcut, overcharge or overdischarge). 31 In the vast domain of ILs, imidazolium and pyrrolidinium cations associated to NTf 2 anion were selected as they showed the highest decomposition temperatures. 27, [32] [33] [34] [35] [36] This work investigates thermal stability up to combustion of these ILs and their corresponding electrolytes (defined as solution of ILs with 1 mol.L -1 of lithium salt)
for lithium-ion batteries. The possible routes of degradation of ILs and corresponding electrolytes during thermally abuse tests were investigated by thermodynamic studies under different experimental conditions. with an electrospray ionization (ESI) ion source. The gas flow of the spray gas was 0.6 bar and the capillary voltage was ±4.5 kV. The solutions were infused at 180 µL.h -1 . The mass range of the analysis was 50 -1000 m/z and the calibration was done with sodium formate.
Materials and methods

Synthesis and characterisation of the electrolytes
Thermal stability of ILs and their electrolytes
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed on lithium salt, neat ILs and the corresponding electrolytes.
Differential Scanning Calorimetry (DSC)
The thermal analysis of all samples was investigated using a Setaram DSC 131 apparatus. A weighed sample of 5.0 ± 1 mg was placed in a sealed stainless crucible. A standard heating rate of 5 °C.min -1 was applied from 30 up to 650 °C under 50 mL.min -1 of nitrogen. The start and the onset temperatures were determined in order to assess the thermal stability. T start is the temperature at which the sample starts to lose some mass and T onset was determined from the step tangent method. Also, the heat of decomposition of each sample was calculated based on the curve integration.
Thermogravimetric analysis (TGA)
The thermogravivetric analysis scans were collected on a Mettler Toledo TGA DSC 1. The instrument was calibrated using indium, zinc and aluminum samples. Experiments were carried out in 40 µL aluminum pans, filled and sealed in an argon-filled glove box. Samples of 10 ± 3 mg were heated under an argon flow of 30 mL.min -1 . Two types of TGA experiments were investigated. The first one called dynamic experiment was carried out using a temperature increase from 30 to 500 °C at 5 °C.min -1 heating rate. The onset temperature (T onset ) was determined from the step tangent method. 29, 34, 41, 42 The start temperature (T start ) is the temperature at which the sample starts to lose some mass 29 and was defined as the temperature at which the first derivative of the weight loss vs. time curve is |dm/dT| > 10 -4 %.s -1 . The associated uncertainty was 5 °C and the definitions are illustrated in Figure 1 . The second experiment, called isotherm experiment, consisted in a temperature increase from 30 to the selected temperature, e.g. 350 °C, at 5 °C.min -1 heating rate, followed by a plateau of 4 or 15 h at e.g. 350 °C. The slope of the curve, representing the mass loss rate, was determined between 2 and 10 h. For each experiment an argon background was subtracted. FT-IR spectra were recorded in a Nicolet 5700 spectrophotometer. 32 scans were accumulated for each spectrum (resolution 1 cm -1 ). A 25 m PORA BOND Q column was used to separate the products that were then analysed in the online GC-MS (Agilent GC 6850 MS 5975C). GC analyses were achieved on KCl alumina column.
Burning behaviour in fire conditions
The fire behaviour of the ILs and the electrolytes were determined using the Tewarson calorimeter also covered under the name of Fire Propagation Apparatus (FPA) by different standards, namely NFPA 287 43 and ISO 12136. 44 This equipment allows getting information about ignitability, fire propagation potential and thermal and chemical threats in fire condition. It has been described in detail by Brohez et al. 45, 46 and has recently been used to investigate the combustion hazard profiles of several neat ILs. 47 The theoretical energies of combustion (lower heating values or LHV) were measured in an oxygen bomb calorimeter Model 1108P, Oxygen Combustion Bomb, Parr Instrument Co., Moline, Illinois.
In this work, approximately 55 g of sample were poured into a glass sample holder. An external heat flux of 50 kW.m -2 simulating fire environment or external thermal stress was set in operation by four infrared heaters in an air-flushed jacket. Thus, the sample was heated to a temperature where its vapours or flammable decomposition products can be ignited by an electric spark. The heat release rate (HRR) can be calculated by applying fire calorimetry laws, such as the oxygen consumption (OC) 48 or the carbon dioxide generation (CDG). 49 The mass loss rates as well as the fire effluent concentrations were measured in situ. The related emission yields (mass ratio of pollutants per burnt product) were then deduced allowing an evaluation of fire toxicity issues. In order to maintain self-sustained combustion, after ignition the external flux was diminished to 25 kW.m -2 . 47 
Results and discussion
Neat ILs and the corresponding electrolytes were studied under thermal abuse conditions such as overheating and combustion. The thermal stability was firstly determined by DSC and TGA studies. Then long term stability was studied by TGA, and a specific setup was used to analyse the decomposition products. Finally the electrolyte behaviour was tested in fire conditions, along with the identification and quantification of the emitted compounds.
DSC
The DSC results of lithium salt, ILs and their corresponding electrolytes are shown in Figure 2 . All liquid samples remained stable up to 400 °C (using the start temperature) while solid LiNTf 2 started to decompose at 355 °C. Onset temperatures showed the same tendency, respectively at 450 °C and 396 °C. In the case of LiNTf 2 , a two-step decomposition reaction occurred at rather high temperatures 355 -420 °C and 500 -650 °C, whereas for the neat ILs and their corresponding electrolytes a single-step was observed. Reaction enthalpies obtained by integrating the exothermic peaks are given in Table 1 . As can be seen from this 2 ] the addition of lithium salt increased the height of the exothermic peak. These results suggest that the addition of LiNTf 2 lead to an improvement in thermal stability, which was not predictable from the decomposition temperatures of neat products.
Thermogravimetric analyses (TGA)
Because of the extremely low volatility of most ILs, their liquid range upper limit is defined by their decomposition temperature (T d ). 20 In the literature, the T d is generally obtained from thermogravimetric analysis (TGA). However, several parameters can vary and influence T d value, like the heating rate, the gas nature and flow rate, the nature of the pan, the apparatus and the purity of the sample. Hence results can be compared only if all the experimental parameters are the same. 27, 29, 42, [50] [51] [52] [53] [54] [55] Furthermore TGA reveals only degradation due to the formation of volatile species, implying that degradation occurring without mass loss is not visible. Typically, the onset temperature (T onset ) is used to define the stability of ILs, and is determined from the step tangent method. 29, 34, 41, 42 Unfortunately, the values obtained from this method for a same IL can differ of more than 100 °C from one study to another, e.g. the Figure 3 , and the experimentally determined T start and T onset in Table 2 . All these products were thermally stable up to 300 °C, in line with the literature. 29 , and that this tendency was similar for the derived electrolytes. The use of T start was more relevant than T onset , in order to avoid misleading results. 60
Long term isothermal TGA
The dynamic TGA can be used as a screening method but long term stability is required for industrial applications. In order to afford information on the maximum operating temperature 
Thermal treatment of electrolytes [C 1 C 4 Im][Li][NTf 2 ] and [PYR 14 ][Li][NTf 2 ]
TGA reveals only decomposition due to the formation of volatile species, implying that degradation occurring without mass loss is not visible. Moreover, the temperature of 350 °C seemed appropriate to analyse the decomposition products as a mass loss comprised between 5 and 10 % was expected ( Figure 5 ). So in this part, the long term stability (350 °C during 2 h) on larger quantities of electrolytes was studied. We aimed to quantify and characterise the volatiles and the residual liquid phase. From the TGA results vide supra, a measurable decomposition of the electrolytes occurred in these conditions.
3 mL of the solution of ILs containing 1 mol.L -1 of LiNTf 2 were introduced in a specific setup described in Figure SI-3 , and dried under high vacuum (10 -5 mbar) overnight before the experiment. The reactor was closed and the solution was heated at 10 °C.min -1 heating rate, up to 350 °C. It was kept for 2 h at this temperature while the evolution of the pressure was measured. The gaseous phase was then analysed by IR, GC and GC-MS, and the residual liquid phase by solution NMR and by GC-MS.
Gas phase analysis
After 2 h the pressure levels of the gas phase were respectively 17 vs 50 mbars for The IR spectra of this gaseous phase ( Figure SI-6 ) showed the characteristic bands of these alkanes and alkenes: ν(C-H sp3 ) at 2800-3000 cm -1 , to ν(C-H sp3 ) at 3038 cm -1 , to δ(C-H) at 1477 cm -1 and to ν(C=C) at 1649 cm -1 . The sharp peaks at 1376 and 1155 cm -1 could be assigned to ν(S=O) function.
Liquid phase analysis
After 2 h at 350 °C, the non-coloured transparent initial electrolytes turned to dark yellow to brown ( Figure 11 ). No suspension or apparent increases of the viscosities were observed after the thermal treatment, and few changes were detected by 1 H and 13 C solution NMR ( Figure SI-7) .
The comparison of ESI + MS spectra of the electrolytes before and after thermal treatment at 350 °C indicated the presence of imidazolium and pyrrolidinium fragments in the thermally treated solutions (Table 4 ). These species resulted from alkyl chain cleavage or redistribution. 27, 57, 63 In the ESI -MS spectra, fragments resulting from [NTf 2 ] fragmentation have been detected ( Table 4 ). Note that the ESI + MS spectra of neat imidazolium and pyrrolidinium ILs treated at 220 °C for 5 h exhibited only fragments resulting from the cleavage of the hydrocarbon chain, and no species resulting from alkyl chain redistribution. 64 Here the redistribution showed a chemical evolution of the nature of the cation ring occurring at constant weight.
In [65] [66] [67] These [Li(NTf 2 ) n ] (n-1)adducts 68, 69 must have a higher thermal stability than solid LiNTf 2 . Note that the nature of the liquid and gas phases indicated that after 2 h both anion and cation started to decompose. Some of the characterised decomposition products were already suggested either theoretically 41 or experimentally. 62, 70, 71
Fire Propagation Apparatus tests
Heat release rate (HRR) profiles
The results of combustion experiments performed in the Tewarson calorimeter on the ILs 
Toxicity of emissions
The combustion efficiency of a product can be estimated from the quantity of CO, total hydrocarbons (THCs) and soots. Indeed, lower combustion efficiency generally gives higher yields of these partially oxidised species. The combustion efficiencies of studied ILs was lower compared to carbonate solvents used in conventional lithium-ion batteries (close to 100 % in the case of fuel lean conditions, due to presence of oxygen atoms in the molecules). 6, 76 The fire induced toxicity was also investigated in terms of emission factors of asphyxiant (HCN, CO) and irritant (NO x , SO 2 , and HF) gases. The emission factor is defined as the amount of pollutant emitted per mass unit of burned product. The amount of HCN released in the combustion of the electrolytes increased in comparison to the corresponding neat ILs ( Table 6 ).
The combustion of ionic liquids was very specific to the nature of the anion and cation concerned. As an example, among the tested ionic liquids the formation of HCN and HF was found to be higher for DCA and NTf 2 anions respectively. 47 In addition, in the same study, heat release rates profiles were specific to each tested IL and were more versatile as compared to conventional liquid fires. ]. It appears that the emission of flammable compounds was related to the cation nature, whereas the anion produces toxic species.
The mass balance was also checked by performing combustion residues analysis of all tested samples (see . As can be seen, these results confirmed the mass conservation of hetero-atoms with high conversion efficiencies, which showed the smooth running of the apparatus.
Conclusion
Ionic These electrolytes exhibited good resistance to thermal stress, but fire induced toxicity can be an issue in case of an accidental fire scenario; thus it must be assessed on a case by case approach.
1 Scheme 1: Typical components of current electrolytes Figure 1 : Determination of the onset temperature (T onset ) and the start temperature (T start ) for Finally the neat ILs and electrolytes were vacuum-dried at room temperature for 48 h under 10 -5 mbars followed by storage in an argon-filled glove box. sensor) . At the end of the two hours, valve 2 and 3 were closed and the system was cooled down to room temperature.
SI-2: NMR characterisation of the ILs
The system was disconnected from the vacuum line (at valve 4). The gaseous phase was analysed by infrared spectroscopy. Gas aliquots were taken up by closing valve 1 and introducing a syringe by the septum. To reproduce the analysis, the system was purged up to valve 1 (closing valve 1, open 4 th and 2 nd ), gas was brought to the antechamber by closing valve 2 and opening 1 and taken through the septum. The gas samples were analysed by GC and GC-MS. After the gas phase analysis, the schlenk was disconnected from the IR cell in a glove box, and the liquid phase was analysed by 1 H, 13 C, 19 F and 7 Li liquid NMR, and by coupled GC-MS. 
SI-8 Data validation from the Tewarson tests
It is a routine practice in the lab where the Tewarson apparatus is used to check validity of data from the calculation of mass balance regarding main elements contained in the test samples.
[ 
Carbon and sulphur balance examination
Carbon and sulphur recovery efficiencies from sample content into identified carbonated or S-containing species (in flue gas) or as C or S content (in solid residues) lied in between 84% and 103 % for carbon and 91 % to 101 % for sulphur respectively. This confirmed to our experience (several thousand test runs with the Tewarson Apparatus) that no special concern in the performance of the experiments and related data computations appeared. From dedicated analysis of fire calorimetry accuracy analysis, we know that, at lab scale, errors in yields of energy and product releases may be in the order of some 5 to 10%. Accuracy varies according to complexity of test samples (decreasing with complexity of structure and number of hetero-atom in test molecules) and operating conditions. Such error levels keep however quite reasonable for fire safety engineering purposes, owing to complexity of fire phenomena.
Fluorine balance examination
Observed conversion efficiency is thought reasonable, although classically lower than for carbon and sulphur mass balances. Although latest standards for the sampling and measurements are applied routinely (by use of ISO standards developed by ISO TC92 SC3 Committee: Fire Threat to People and the Environment), we are confronted here to Major improvement achieved by increased resistance to ignition when replacing carbonates by ionic liquids as electrolyte solvents
